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WATERDROPIJITSONWEIEESANDD14MOND

AIRFOILSAT SUPERSONICSPEEDS

By JohnS. Sersfini

An analyticalsolutionhasbeenobtainedfortheequationsofnmtion
ofwaterdropletsimpingingona wedgeina two-tiensionalsupersonic
flowfieldwitha shockwaveattachedto thewedge.Theclosed-form
solutionyieldsanalyticalexpressionsfortheequationofthedroplet
trajectory,thelocalrateof impingementandtheimpingementvelocityat
anypointonthewedgesurface,andthetotalrateof impingement.The
analyticalexpressionsareutilizedinthedeterminationoftheimpinge-
mentofwaterdropletsontheforwardsurfacesof diamondatifoilsin
supersonicflowfieldswithattachedshockwaves.

Fora wedge,the~esultsprovideinformationontheeffectofthe
semi-apexangle,free-streamMachnuniber,pressurealtitude,anddroplet
size.Forthediamondairfoil,additionalcalculationsprovideinforma-
tionontheeffectofairfoilthicknessratio,chordlength,andangle
of attack.

Theresultsforthediamondairfoilssrealsocorrelatedintermsof
thetotalcollectionefficiencyasa functionof a modifiedinertia
psrameter.Theresultsarepresentedfor’thefollowingrangeofvsri-
ables:dropletdiameterfrom2 to100microns,free-streamMachnumbers
from1.1to2.0,pressuresltitudesfromsealevelto 30,000feet,free-
streamstatictemperaturesfrom4200to 460°R, semi-apexanglesforthe
wedgefrom1.14°to 7.97°andcorrespondingdiamondairfoilthichess-to-
chordratiosfrom0.02to 0.14,andchordlengthsfrom1 to 20feet.

INTRODUCTION

Theproblemof icepreventiononaircraftflyingat subsonicspeeds
up toflightcriticalMachnumbershasbeena sub,tectof considerable
studyandresearchby theNACA.
transonicandsupersonicspeeds
studiestohigherspeeds.That

,-

.

Therecentadveniofaircraftflyingat
hasrequiredan extensionoftheseicing
an icingproblemexistsinthetransonic
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2 NACATN 2971

andsupersonicspeedrangeisverifiedinreference1,whichshowsby an “

mic~ investigationtith~eri.mentalconfirmationthatMamond
or symmetrical.double-wedgeairfoilsme subjecttopossibleicingat
flightMachtiers ashighas1.4. A similarresultisexpectedfor
otheratifoilshapesthatarebeingconsideredforuseattransonicand
supersonicflightspeeds.

Inconductingresesrchontheproblemof icepreventiononaircrsft
andmissiles,regardlessofthemagnitudeoftheflightspeed,itis
essentialthattheimpingementof clouddropletsonatifoilsandother %
aerodynamicbodiesbe deternfimdeitherthroughtheoreticalcalculations &
orthroughexperimentation.Theimpingementvariableswhichmustbe
determinedarethetotalwatercatch,theextentof impingement,andthe
rateof impingementperunitsreaofbodysurface.Thesevariablescan
be determinedanalyticallyfromcalculationsofthecloud-droplettrajec-
toriesobtainedforthevariousaerodynamicbodies.Investigatorshave
reportedtheresultsof cloud-droplettrajectoriesaboutright-circular
cylinders(refs.2 to 5)andaboutairfoils(refs.6 to 9) immersedin
am incompressiblefluid.An evaluationoftheeffectof compressibility
onthedroplettrajectoriesaboutcylindersandairfoilsup to thecriti-
cslflightMachnumberispresentedinreference10.

Atpresentthereexistslittleinformationontheimpingementof
dropletsonaerodynamicbodiesina supersonicairstream.Concentration
ofpasteffortontheproblemsof impingementonairfoilsat subsonic
flightspeedsandthepresentlackof convenientandrapidmeansfor
obtainingtherotationalflowfieldsaboutairfoilsat supersonicspeeds .
arepossibleexplanationsforthescarcityoftrajectorycalculationsfor
thesupersonicregion.An inltislcontributiontothesolutionofthe
over-allproblemof impingementofwaterdropletsonaerodynamicbodies .

at supersonicspeedsisgiveninreference11,whichpresentsan analysis
ofthewater-interceptioncharacteristicsofa wedgeina supersonicflow
field.

ThepresentreportextendstheanslysisofreferenceU. andfurther
presentsanextensivestudyofthe@ingementofwaterdropletsontwo-
dimensionalwedgesanddiamondairfoilsforsupersonicflightspeedsthat
resultinattachedshockwavesandconstantvelocityfieldsbehindthe
shockwaves.Forthewedgeanglesanddiamondairfoilthicknessratios
tobe consideredherein,theshock-waveattachmentMachnumbervsxies
froma valueslightlygreaterthm 1 to about1.4. Themethodemployed
isbasedonananalyticalsolutionoftheequationsofmotionby meamsof
a closed-formintegration.Theclosed-formsolutionyieldsanalytical
expressionsfortheequationofthetrajectories,thelocalimpingement
efficiencies,thevelocityatanypointonthetrajectories,andthetotal
rateof impingement.Thissolutionhasbeenmadepossibleby usingan
empiricalrelationforthetiagcoefficientsforspheresthatgivesa
gocdapproximationtotheexperimentaldragcoefficients.

—-— —————————
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Theresultsof calculationsfortherate,extent,anddistribution
oftheimpingementofwaterdropletsonwedgesanddiamondairfoilsme
presentedherein.Therangesofvsriablesincludedforthewedgeare
I&chnumberfrom1.1to2.O;pressurealtitudeof sealevel,15,000feet,
smd30,000feet;dropletdiameterfrom2 to100microns;free-stream
statictemperatureof4200,4400,and4600R; andthetangentofthesemi-
apexanglefrom0.02to 0.14.Therangesofvariablesforthediamondor
double-wedgeairfoilarethesameas thoseforthewedge,andtheaiMi-
tional.vsriablesforthediamondairfoilrangefrom1 to20feetforthe
chordlengthandfrom2 to14percentforthethickness.

TheworkpresentedinthisreportwasperformedattheNACALewis
laboratory.

Thesolutionofthe
two-dimensionalwedgeat
waveisnotasdifficult
atlowsubsonicspeeds.
attachedshockwave,the
isconstantandequalto

ANALYSIS

StatementofProblem

problemof impingementofwateritropletsona
supersonicspeedswithan attachedshock
asthatfortheimpingementonvariousairfoils
Forthewedgeat supersonicspeedswithan
airvelocityeverywhereaheadof theshockwave
thefree-streamairvelocityV1 (fig.1). The

airvelocitybehindtheshockwave V2 isalsoeverywhereconstantand
paralleltothewedgesurface.Allthedropletshavethesameinitial
velocity(thatofthefree-streamairvelocity),andtheirtrajectories
areexactlycoincidentwiththeairstreamlinesupstreamoftheshock
wave. Allwaterdropletsof a givensizearesubjectedto identicalair-
velocityfields,whichinturnproduceidenticalforcesystemsdownstream
oftheshockwave,irrespectiveofthepointalongtheshockwavewhere
thedropletscrossthewave. ItfolJmws,therefore,that,fordroplets
ofa givensize,dl thetrajectoriesina givenproblemareidentical
withrespecttothepointwherethedropletcrossestheshockwave.

By adoptinga frameofreferencewhichmovesat theconstantvelocity
oftheair V2 downstreamoftheshockwave,theproblemofthedroplet
motionisreducedtothestill-airproblem,definedasthedetermination
ofthemotionofa tiopletthat,havingan initi@velocity,isprojected
intoquiescentah. Hence,relativetothemovingframeofreference,the
initialvelocityofthetiopletuponcrossingtheshockwaveisequslto
thevectorialdifferenceofthefree-stresmah velocityV1 andtheair
velocityV2 downstreamoftheshockwave. Adoptionofthefr~ of

referencemovingwitha constantvelocityreducestheproblemfromthe
solutionof twosimultaneousnonlinearsecond-orderdifferentialequations

— . -—.— ——_—-—___
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intheftiedcoordinatesystemtothesolutionofa singlenonlinear
-f

second-orderdifferential-equationinthemovingcoord~te system.At
smygiveninstant,thetiopletdisplacementrelativeto thepointof
intersectionwiththeshockwaveinthefixedframeofreferenceis

,,

obtainedby addingvectoriallythedropletdisplacementwithinthemoving
frameofreferencetothedisplacementofthemovingframeofreference
forthesameincrementofthe.

Thisgeneralmethodofattackwasusedinreference11,wherethe
onesecond-orderdifferentialequationrepresentingthedropletmotion ‘N~
relativetotheairveloci~behindtheshockwavewasintegratedgraphi-
cally.However,

N
itispossibleto obtaina completelyanalyticalsolution

by meansofa closed-formintegrationwithoutresortingtotheuseof
numericaltitegrationsoranalogcomputingequipment,ifan empirical
relationisassmnedforthedrsgcoefficientasa functionoftheReynolds
numberofthedropletrelativetotheair. ItwiU be shownthatthis
closed-formintegrationofthestiX1-airproblemwhenappliedto thewedge
insupersonicflowwikhattachedshockwaveyieldstheequationsforthe
trajectoriesofthewaterdropletsandthedropletvelocitiesat anypoint
onthetrajectoriesandties availablerelationsfortheratesoftotsl
waterimpingementandthelocalratesofwaterimpingementalongthewedge
surface.Furthermore,itisshownthattheseequationscsaalsobe
readilyappliedtothedeterminationofthedroplet@ingementon a
disamndairfoilb supersonicflowwithattachdshockwaves.

Mostoftheusualassumptionsmadeinthepreviousinvestigationson
impingementat subsonicspeedsarealsorequiredforthisinvestigation. “
Theseassumptionsaxe: (1)Thewaterdropletsarealwayssphericaland
donotchsmgeinsize,(2)theforceofgravityonthedropletmaybe
neglectedincomparisontothedragforces,(3)thedragoftheairon “
thedropletisthatofa viscousincompressiblefluid.Hereitisaddi-
tionallyassumedthat(a)thetwo-dimensionalsupersonicflowfieldabout
thewedgeisfrictionlessexceptwithintheinfinitesimallythinattached
shockwave,(b)no condensationshockoccursandno changeinphaseoccurs
asthewaterdropletstraversetheobliqueshockwave,and(c)the
unbalanceoftheforcesonthewaterdropletfromtheinstantitenters
theshockwaveuntilitemergesfromtheshockwavecanbeneglectedin
thecalculationofthetrajectories.

EquationofDropletMN5iontiMovingReferenceFrame

Thevelocityofthedropletinthemovingframeofreferenceis

(1)

. — ——
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where~d isthedropletvelocitywithrespecttothefixedframeof
reference,amd 72 istheairvelocitydownstreamoftheattachedshock

wavealsowithrespecttotheftiedframeof~eference(fig.1). Inthe
frameofreferencemovingwiththevelocityV2 (ah velocitydownstream
of shockwave),thestatementofNewtontslawofmotionforthewater
dropletbecomes

D=- cD(+)p2Yra2u2=(:) .a3pw~
()

fromwhich

(2)

(3)

A completelistof symbolsisgiveninappendixA.

Equation{3)isthedifferentisJ_formoftheequationofmotionof
a dropletwhichisprojectedwithan initialvelocityintoa regionof
quiescentair(theso-calledstill-airproblem).Theshockwaveiscon-
sideredtobe a surfaceofdiscontinuityfromwhichthedropletsemerge
witha velocityVI. b thiscasetheinitialvelocityofthe&ropletis

(4)

whichisthemagnitudeofthevectordifferenceoftheah-velocityvectors
upstreamanddownstreamoftheattachedshockwave. As canbe shownfrom
a considerationofthecontinuityequationandtheequationforconserva-
tionofmomentumacrosstheobliqueshockwave,thevelocityvectortii
isnormaltotheshockwave. At ~ subsequentinstmtofthe the
relativedropletvelocityvectorU retainsthesameangularorientation
totheshockwaveandchangesonlyinmsgnitude.

Inreference11thesolutionof equation(3)hasbeenobtainedby
numericalintegration.Theresultobtainedinthismannermakesitneces-
ssrytousea graphicalprocedureindeterdninnthetrajectoriesandthe
local.ratesof impingement.However,ananalyticalsolutionof equa-
tion(2),whicheliminatesthegraphical.procedme,canbe obtainedif
theexperimentalvaluesofthedragcoefficientCD areexpressedina
functioninvolvingtheReynoldsnumberR+. Therelationis

——.—— _- . ———- .—— __—
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(5)

—

where G and m aretheempiricalconstants.Thisemptiicalrelation
isa validapproximationinthersmgeofReynoltinumberstowhichcloud
dropletsaresubjectedintrajectorycalculations.Substitutionofthe
expressionfor CD (eq.(5))inequation(3)resultsintheexpression

dU dzx
z=—=-dt2 (;)(*)($) [’+ ‘(-)”1

wherethelocalrelativeReynoldsnumberR% = 2p2Ua/w2.Thedisplace-
mentofthewaterdropletinthemovingframeofreferenceis x andis
measuredfromtheah streamlinewhichintersectstheshockwaveatthe
pointwherethewater’dropletenteredtheati-flowfielddownstreamof
theshockwave. Theclosed-formintegrationofthedtiferentialequa-
tion(6)isTresentedinappendixB. Theuseof 2/3 fortheexponent
m and0.158forthevalueoftheempiricalconstantC inequation(5)
yieldsan empiricalcurveforthedragcoefficientas a functionofthe
localReynoldsnumbersthatapproximatesverywell.thevariationofthe
erperimentslvaluesofthedrsgcoefficientintherangeofReynolds
numbersfrom0.5to500. Thevalueof 2/3 fortheexponentm also
facilitatestheclosed-formintegrationofthedifferentialequationof
motion.Infigure2 a graphoftheempiricalrelationispresented, .
alongwiththedragcoefficientdataofreferences4 and12.

Theresultsoftheintegrationaregivenbythefollowingequations:

x ()[a<3~2 ~ R#3c1/2+ tan-1(Re#3#2)-=—
3 J J

)+1 eT-l

where

T dimensionless

(7)

timeVarzable,(3v2/pwa2)t

—. .— —
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%r,i initialvalueofthelocalrelativeReynoldsnuniberR~”,

a dropletradius,ft

% waterdensity,1.9398

P2 densityof airbehind

c empiricalconstantof
ofReynoldsnumber,

‘=>
Y

where

sll.l@/cuft

shockwave,

relationof
0.158

slug/cuft

dragcoefficientasfunction

7

( )].2/3~-1+ ~ eT- 1
%r,i

-3/2 (8)

Xm=:c ( )(-3/2 ‘W
%c,i

1/3&2
~

-;+cp
)

(9)

Theintermediatestepsof integrationaregiveninappendixB.

Equation(7)and(8)give,respectively,thedisplacementsndthe
velocityofthedropletatanyinstantinthemovingframeofreference.
Thedisplacementofthe&ropletwithrespecttothepointwhereitcrossed
theshockwavecanbe obtainedby a vectorialadditionofthedisplacement
x andthedisplacementofthemoving~eferenceframeinthecorresponding
timeinterval.me dropletvdocity Vd relativeto thefixedframeof
referencemustalsobe obtainedby thevectorialadditionof ~
(eq.(8)) and 72 (theah velocitydownstreamoftheshock&ve). Equa-
tion(9)givesthemaximumvalueof x thatisobtainedasthetimeof
travelintheair-flowfielddownstreamof theshockwaveapproaches
infinity. Thesignificanceofthisquantitywill.be discussedinsub-
sequentsections.

.

.

——... — — .-.—
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RelationsReqrdredforApplicationofClosed-FormSolution

to ObtainDropletMtion ad Ln@ngement

FixedReferenceEmme

Impingementonwedges.- Fora problemofgiven
tions,thetra~ectoriesof&Clthewaterdropletsfora

in

aerodynamiccondi-
givensizeare

identicalwhen-thepointswherethedroplettrajectories-intersectthe
shockwavesresuperimposed.Thisuniquecharacteristicofthewater-
droplettrajectoriesabouta wedgeinsupersonicflowwithan attached
obliqueshockwaveistheresultoftwoconstantvelocityfields,one
upstreamandonedownstreamof theshockwave. Therefore,onlyoneset
ofequationsfora singletrajecto~willbe necessaryto calculatethe
impingementparametersfora specifiedproblem,includinga givendroplet
size.ThevaluesoftheinitialrelativevelocityUi,theinitial
ReynoldsnumberR~,,i,andthedensityratio g#p2 areneeded-for
substitutionintheclosed-formsolutionoftheequationsofdroplet
motion.Thesevaluescanbe obtainedfrominformationavailablein
reference13 andfromtheuseof sim@ealgebraicandtrigonometricrela-
tionsforgivenv~ues ofthefree-stresmMachnumber~, thefree-stream
statictqerature tl,thesingleof surfaceinclinationto thefree-
streamdirectiona,thefree-streamstaticpressurepl,andthedroplet
dismeterd. Theserelationsresultinthefollowingexpressionsforthe
initialrelativevelocityandinitislrelativeReynoldsnumber:

where

R 53.3ft-lb/(lb)(OF)

T 1.4

g 32.2ft/sec2

(U)

—- ———— _ ——
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A convenientformofthesolutionfortheimpingementona wedgeor
thefronthalfofa diamondairfoilisobtainedif S isdefinedasthe
distancetothepointof impingementmeasuredfromtheleadingedgefor
a waterdropletthatenterstheflowfieldbehindtheshockwaveat a
distance~ abovetheleadingedge(fig.1). Theuniquerelationbetween
S and ~ ina givenproblemfordropletsofthesamesizeisquite
readilydeterminedby consideri~thedisplacementof thewaterdroplets
asthevectorialsumofthedisplacementofthewaterdropletrelative
to themovingfrsneofreferenceandthedisplacementofthemovingrefer-
encefrme relativeto a fixedframeofreference(referredtowedge).
Sincethemovingreferenceframehasa velocityequaltotheairvelocity
V2,whichisconstantinmagnitudeandparallelto thewedgesurface,
onlythedroplettravelinthemovingreferenceframecontainsthecom-
ponentof droplettravelwhichrepresentstheapproachofthewater
droplettothewedgesurface.Fora waterdropletstartingfrompointA
andhpingingonthewedgesurfaceatpointD (fig.1),thedisplacement
ofthemovingreferenceframe(=V2t,where t is zeroatpointA) is—
givenby thedisplacementvector~ equalto ~, andthedropletmotion
inthemovingframeofreferenceisgivenby thedisplacementvector~
equalto X@. Therefore,relativetothestartingpointat A (fig.1),
thedisplacementofthewaterdroplettothepointof impingementat D
isobviouslyequslto (~+~) orto (~+,~). Fromfigure1 the
displacementofthewaterdropletatthepointof impingementD,meas-
uredfromtheleadingedgeat E, isgivenby addingthevectorm to
thedisplacementvectorfromthestartingpointA, andthedisplacement
ofthedropletat D referredto theleadingedgeis

S=liml= lm+m+ml=lm+ml=Iml+lml.t+d (I2J)

where ~ isdefinedasthemagnitudeofthedisplacementvector~ and
~’(=V2t) isdefinedasthenmgnitudeofthedisplacementvector~
(thedisplacementofthemovingframeofreference).Aspreviouslynoted,
S isthedistancefromtheleadingedgeto thepointof impingementofa
waterdropletthatinitisXly(upstreamoftheshockwave)wasonthe
streamlineata distance~ from
thestreamlines.

Thevaluesof ~ and ~ are
oftravelinthemovingreference
tiesinvolvingthevariousangles

theleadingedge,measurednormalto

obtainedintermsof x, thedistance
frame,fromsimpletrigonometricidenti-
shownh figure1:

~ = x sine tan (V+a) (13)

where x isgivenby
tivevelocityvector

isgivenby

—.

equation(7),andv istheanglebetweentherela-
fi andthefree-streamah velocicyvector71 and
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Substitutionof
tothepointof

v ‘.sti-’[’stiH
NACATN 2971

(13*)

f = x sec(W-u) (14)

equation(14) intoequation(12)forthesurfacedistance
impingementyieldsthefollowing: y

N

()P#2 ~
s = xsec @+u)+V2 —

3F2
(15)

whereT isthedimensionlesstimevariableusedinthedetermination
of x andisdefinedintheprevioussection.

Sincex isa functionof T inequations(13)and(l!j),theexpres-
sionsfor ~ and S,respectively,arefunctionsof T. However,since
T cannotbe eliminatedfromequations(13)ad (15),S cannotbe obtained
explicitlyasa functionof {. Nevertheless,thecurvesof (,the
initialdisplacementofthewater-droplettrajectoryfromtheleadingedge
normaltothefree-streamdirection,againstS,thedistanceto thepoint
of impingementofthestatedwater-droplettrajectory,canbe obtainedby
substitutionof thesamesetofvaluesfor T intheexpressionsfor !.
and s.

An analytical~ession forthelocalimpingementefficiency,which ~~
isdesignatedas ~, canbe obtaindfromtheaboveexpressionsfor C
ad s. Thelocalimpingementefficiency~ isdefinedbytheexpression

(16)

where ~ isthedifferenceintheinitialdisplacementsoftwowater
dropletshavingverynearlyequalinitialdisplacements,and AS isthe
smallincrementofwedgesurfacebetweenthepointsof impingementofthe
twowatertioplets.Differentiating~ and S withrespectto T and
performingthedivisionhdicatedbyequation(16)yieldthefollowing
expressionfor P:

—.— .._ ___ -.
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where

I-1

nl = sine tan(V+IJ) (18a)

% = sec(V+u) (18b)

pwa2
n3 .Q2%. V2(t/T) (18c)

Since ~ and S botharefunctionsof T, thelocalimpingementeffi-
ciency~ atanypointonthewedgesurfaceisdeterminedby usingthe
sameVdUe of T inequations(17)and.(15).me vaue of ~ that
existsasthepointof hpingementofthewaterdropletonthewedgesur-
faceapproachestheleadingedgeasa limit (S~0) isdefinedand

A givenby thefollowing:
.

B(-)=

Themagnitudeu
@@ement Vd,~
be easilyobtained

(19)

anddirectionofthedropletvelocityatthepointof
(relativetothefixedframeofreference)canalgo
atanypointonthewedgesurfaceas

v~,ti= ‘1}‘2+4%)2+2++Cos‘“+u) ’20)

~=. - u&u-sin-l Ki?iJsin(v+”(21)

where K istheanglebetweenthefree-streamvelocityvector71 and
thetiopletvelocityvectorVd,and u’ istheanglebetweenthedroplet
velocityvector~d andtheairvelocityvector72. Inequations(20)
and(21)fora giventrajectory,VljQ, u.),Ui,V, and u areconstants.
Therefore,fora giventrajectory,Vd,fi and ~ti arefunctionsonlyof

., U (eq.(8))whichisinturna functionof T, thedimensiotiesstime
variable.

.

——. .—z —. ..—. — .—
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.
i3npingementondiamondairfoils.- Thehpingementona diamondair-

foilmaybe obtainedfromthesolutiontotheproblemof impingementon
a wedgeaspresentedheretofore.Inthisreporta disnondairfoilis
consideredtobe a symmetricaldouble-wedgeairfoil,themaximumthickness
ofwhichoccursat50percentof chord(fig.3). At zeroangleof attack,
thehpingementona diamondairfoilwillbe limitedtotheregionfrom
theleadingedgeto theshoulderat50percentof chord.Thesolution
forimpingementona wedgesurfacehavinga givensemi-apexangle a (the
angleof inclinationof eitherwedgesurfaceto thefree-streamdirection)
canalsobeusedasthesolutionfora diamondairfoilwherethethickness
ratioofthediartiondairfoilisequalto tanu,thetangentofthesemi-
apexangle,andwherethedropletsizeandotherparametersoftheproblem
arethesameasforthewedge.Therefore,thevaluesofthelocalimpinge-
mentefficienciesf3sad PO atanygivenpointon thesurfacewillbe
identicslforboththewedgeandikkmondairfoilundertheaforementioned
similarityof cotitions.

Thesolutionfortheimpingementonthediamndairfoilatangleof
attackcanslsobe obtainedfromthesolutionforimpingementona wedge
asforthecaseofthediamondairfoilat zeroangleof attack.When
thesymnetricsldismondairfoilisatangleof attacka, theangleof
inclinationof itsforwarduppersurfacetothefree-streamdirectionis
equslto (a-a)andthatoftheforwardlower‘surfaceofthedianmnd
atifoiliseqml to (mu). Therefore,thesolutiontotheimpingement
ontheupperad lowersurfacesofthediaa@ndairfoilisobtainedfrom
thesolutionsforimpingementonwedgeshavingtheredefinedsemi-ap~
anglesof (a-a)and (cr+u),respectively,wherethedropletsizeand
otherparametersoftheproblemarekeptthesame.Forthediamondair-
foilsatanglesofattackhavingtangentsequaltoorgreaterthanthe
thicknessratio,thewaterdropletswillnotimpingeontheuppersurface.
At anglesofattackhavingtangentsgreaterthanthethiclmessratio,
somewaterdropletsmayhpingeonthelowersurfacebeyond50percentof
chord.Theseconditionsarepresentedinfigure3 whichillustrates

For a < tan-i(T/c),theimpinge-schematicaUythethreeconditions.
mentoccurson surfacesAC and AB;for a = tan-l(T/c),impingement

‘1 (T/c),impingementoccursonoccursoilyon surfaceAC;for a> tan
lowersurfaceAC andmayoccuronlowersurfaceCD. However,the
conditionwhere a> tan-l-(T/c) isnotconsideredherein,sincethe
solutionpresentedinthisreportisnotvalidforthedeterminationof
trajectoriesofdropletsimpinging’onthesurfacebeyondtheshoulderor
50percentof chordofthedismmdairfoil(surfacesBD or CD) where
a portionofthetrajectoriesiswithintheexpansionzoneemanatingfrom
theshoulder.
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RESULTSANDDISCUSSION
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Fromtheequationspresentedintheprevioussectionandinappen-
dixB, theimpingementofwaterdropletsonthewedgeina supersonic
flowfieldwithan attachedshockwavecanbe calculatedovera rangeof
free-streamconditions,wedgeangles,anddropletsizes.AE hasbeen
previouslyindicated,theimpingementcharacteristicsofthedismond
airfoil(atzeroangleofattackandslsoforsmallvaluesof angleof
attack)canbereadilydeterminedfromtheimpingementonwedgesfor
sindMrCollddtions.Theresultsforthewedgeamddiamondairfoilsre
presentedanddiscussedseparately.A comparisonofthetotalcollection
efficiencyandthewaterimpingementratefora dismondairfoilat zero
angleof attackwiththosefora NACA0006-64airfoilat zeroamgleof
attackispresentedinappendixC.

Wedge

IOcalImpingementefficiency.- Therateofwaterimpingementona
localareaofwedgeor airfoilsurfaceisproportionalto a dimensionless
term ~,thelocslimpingementefficiency.Thelocalrateofwater
@@3~nt Inpoundsperhourpersquarefootis

where f3 isthefractionalpartofthemaximumwaterthatcouldimpinge
on a localareaofthewedgeoratifoil,ifallthedroplettrajectories
wereparallelto eachotherad thesurfaceof impingementwereprojected
intoa planeperpendiculartothetrajectories.Thelocalimpingement,
whengivenasa functionofthesurfacedistanceofthewedge,allowsthe
determinationofthelocslrateof impingementofwaterdropletsatany
pointon thesurface,thetotalimpingementofwaterdropletsonthe
entiresurfaceormy givenportionofthesurface,andtheextentof
@@ement onthesurface.ThelocslimpingementefficiencyP is
relatedto a pointata givendistanceS onthewedgesurfaceinequa-
tions(15),(17),and(19)by thedimensionlesstimevsriableT,which
iscomonto ti threeexpressions.Thevariationof thelocalimpinge-
mentefficiency1?!with S,thesurfacedistancealongthewedge,is
presentedinfigure4 foran extensiversmgeoffree-streamconditions,
semi-apexangles,anddropletsizes.Thevsluesof @ attheleading
edge (S~O) isthesineofthesemi-apexangle (sina);endas S
increases,thevalueof f3 decreasesrapidlyandapproachesthevalueof
zeroasymptoticallyas S approachesinfinity.However,it istobe
notedthatnegligiblysmallvaluesof p (9~ 1 lercentof f30for
thewedge)areattainedat lar~ebutfinitevaluesof S.

—. —.
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Thecurvesof ~ asa functionof S presentedinfigure4 are
thoseofan ideslizedsituation.Theassumedtwo-dimensionalsupersonic
flowfieldaboutthewedgedoesnotaccountfora stagnationpointthat
mustexistattheleadingedgeofthewedgejregar~essofthes~pness
oftheleadingedge. b addition,theleadingedgeofwedgesanddiamnd
airfoilsmightbe consideredtobe somewhatroundedwhensubjectedto
considerablemagnification.Therefore,it isreasonableto assumethat
veryneartheleadingedge (S+0) thevslueof j3wouldactu.dlybe
greaterthsmthecalculatedvalueof p atthegivendistanceS. mw-.
ever,thisshouldhavea negligibleeffectontherestofthe 13 curve
andalsoonthetotalhpingementonthewedge,sincetheeffectof a
stagnationpointwouldbe limitedto a verysmallregionabouttheleading
edge.

For S approachingverylargevalues,thecalctiatedvaluesof P
probablydiffersomewhatfromactualvaluesobtainedinflight,because
theanalyticalsolutionofthepresentreportdoesnotconsiderthe
existenceoftheboundarylayeronthewedgesurface.Sincetheboundary-
layerthicknessincreaseswiththesurfacedistacealongthewedge,
dropletswhichimpingeatlargedistancesfromtheleadingedgeactua12y
wouldhavetraveledthroughtheboundarylayerforsomenon-negligible
intervaloftime.However,onlya verysmallfractionofthetotalwater
dropletsofa givensizeimpingeunderthiscondition,andforl=ge
valuesof S thevsluesof 13 arenegligiblysmall.Forexample,in
figure4(a)suchwouldbe thecaseforvaluesof S greaterthan8 or
9 feet,where !3<0.0002as compardwith P.= 0.02.

A preliminarysurveydiscloseda negligibleeffectofthefree-
streamstatictemperatureonthelocalimpingementefficiencyasa func-
tionofthesurfacedistancealongthewedge (13againstS). Values
of B andcorrespondingvaluesof S werecalculatedforfree-stream
statictemperaturesof4200,4400,and4600R, fora free-stresmMach
numberof1.3,pressurealtitudeof15,000feet,dropletdiameterof
20microns,andtangentofthesemi-apexangleof 0.06.Thevaluesof
p forthefree-streamstatictemperatureof 4200and4600R arewithin
1 percentofthevaluesof 13 atthefree-streamstatictemperatureof
4400R. Sincethesecalculationsshowthatcurvesof 13 againstS for
thethreevaluesoffree-streamstatictemperatureformpractica.Qya
singlecurvewhenplottedtotheusualscales,nofiguressrepresented
hereinto illustratetheeffectoffree-streamstatictemperatureon
impingement.Furthermore,theresultsincludedherein,whichsrecalcu-
latedfora free-stresmstatictemperatureof440°R, maybe usedinthe
rangeoftemperaturefrom42(Pto 4600R orpossiblyan evengreater
rangeoftemperature.

Theeffectofthefree-streamstaticpressureonthelocal.impinge-
mentefficiencyasa functionofthesurfacedistancealongthewedge
(~ %aht S) iSpresentedinfigure4(a)forpressurealtitudesof

N
al

L
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sealevel,15,000,and30,000feet. Increasingthepressurealtitude
(decreasingthefree-streamstaticpressure)increasesthevsluesof f3
atanydistanceS. Forexample,at S = 1.5at sealevel,f3 is0.0052;
andat30,000feet,B is0.0071.Since PO (thevalueof 13 at
S = O) isequaltothe sina,where u is thesemi-apexangle,the
curvesforthethreepressurealtitudeshavethesamemaximumvalueof ~.
Also,,forthevariouspressurealtitudestheextentof impingementalong
thewedgesurfaceisessentiallythesame.

Theeffectofthesemi-apexangle a’ofthewedgeonthelocal
@@3~ent efficiencyasa ~ction ofthesurfacedistancealongthe
wedgeispresentedinfigure4(b)forvaluesof tsaa fromO.02to 0.10.
Sincethevaluesof 130areequalto sinu,increasingthesemi-apex
angleofthewedgeresultsinan increaseof PO. Thesurfaceetientof
perceptibleimpingement(ascharacterized,by ~ s 0.01 PO) doesnot
varyasthewedgethicknessis increased.

Theeffectoffree-streamMachnumberonthe ~ curveis presented
infiguze4(c).Thecurvesof ~ asa&unctionof S aregivenfor
free-streamMachnumbersof1.2,1.3,1.4,1.5,and2.0. Forthewedge
semi-apex@e presentedinthefigure(tanu = 0.04),thevalueof
Ml = 1.2 isclosetotheshock-waveattachmentMachnumber.Theshock-
waveattachmentMachnumberisa functionofthewedgesemi-apexangle
andisdefinedasthatMachnumberbelowwhichtheshockwaveisdetached
fromthewedge.An increaseinthefree-streamMachnumberMl results
inan increasedsurfaceextentofperceptibleimpingementandalsoinan
increasedvalueof ~ atanygivendistanceS (exceptat S . 0,where
P=PO= sinu andat S+co,where p+o). Theincreaseinthesur-
faceextentofperceptibleimpingementisshowninfigure4(c),inwhich
forfree-streamMachnumbersof1.2,1.3,1.4,1.5,and.2.Othesurface
extentsofperceptibleimpingementontheWedge(where~ssO.01Po) me
5.35,6.05,6.65,7.20,and9.4feet,respectively.

Theeffectof thedropletsizeon ~ ispresentedinfigure4(d)
fordropletdiametersof10,20,30,40,50,and100microns.Thesurface
extentof impingementandthevsluesof “~ atanygivendistanceS are
considerablyincreasedasthedropletsizeis increased.Forexsmple,
forthesemi-apexanglepresentedinthefigure(tanu = 0.06),at
s = 3 feetthevaluesof ~ are0.0000,0.0033,0.0106,0.0182,0.0244,
and0.0417forvaluesofdropletdiameterof10,20,30,40,50,and
100microns,respectively.Thesurface~tent ofperceptiblehqyingement
hasvaluesof1.5,5.7,1.1.2,18.1,and28.0feetfordropletdiameters
of10,20,30,40,and50microns,respectively.As shownby thepre-
cedingdiscussionandalsoby a comparisonofthevaluesof ~ asa
functionof S (fig.4).,varyingthedropletdiameterfrom20to
30micronsorfrom30to 40micronsisofthessmeorderofmagnitudein

—
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itseffectonthe B againstS curveasvsryingthepressurealtitude
.

fromsealevelto30,000feetorvaryingthefree-streamMachnuniberfrom
1.2to1.5. .

Totalimpingementonwedge.- Theeffectofthefree-stresmMach
number,thesemi-apexangleofthewedge,thepressurealtitude,andthe
dropletsizeonthetotalimpingementona wedgesurfaceof infinite
extentisgiventifigure5. Thetotalimpingementisrepresentedby
~m,whichisthe ~ ofthe&oplethavingitstrajectorytangenttothe
wedgesurface(theoreticallyth6tsmgenttrajectorytouchesthewedge
surfaceat apofit S+m). This <m canbe obtainedfromtheintegra-
tion

ormoredirectlyfromequation(13)oftheanalyticalsolution,as

Em=Xmsin e tall(V+u) “

where ~ isgivenbyequation(9)andisalsodefinedinappendixA.
Thevaluefor ~ isobtainedfromtheexpressionfor x (eq.(7))by
allowingT+m. Sincethedropletwhichenterstheflowfielddownstream .
oftheshockwaveata distance~ equalto ~m (fig.1) theoretically
impingesonthewedgesurfaceonlyasthesurfacedistanceS approaches
infinity,o~y dropletswhichhavea valueof ( equalto orlessthan
~m wiU impingeonthewedgesurfaceof infiniteextent.Therateof
totslwatercatchononewedgesurfaceintermsof cm isgivenas

Wm = 0.329~mV1w

where Wm isobtainedinpoundsperhourperfootof span,VI isthe
free-streamvelocityinmilesperhour,and w is theliquid-water
contentingrsmspercubicmeter.Therefore,cm isdirectlyproportional
totherateoftotslwatercatchontheentirewedgesurfaceandisthe
rateoftotalwatercatchononewedgesurfaceperunitof span free-

~streamvelocity,sndliquid-watercontent(inappropriateunits.

ThevariationOf <m withthetamgentofthewedgesemi-apexangle,
tanU,isshowninfigure5(a)forfree-streamMachnumbersof1.2,1.3,
1.4,andz.o. k expectedfromthecurvesof 13 asa functionof S,

.
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thevslueof (m increasesas tanu increases.However,
theincreasein cm withrespectto tana decreaseswith
in tana. As canbe
Machnumberincreases

Thevariationof
ure5(b)fortwoMach

seenfrom
thevalue

~m with
numbers.

figure5(a),increasingthe

17

therate of
an increase
free-stream

of [mfor”a constantvalueof tanu.

pressuresltitudeispresentedinfig-
Intherangeofpressurealtitudesfrom

sealevelto 30,000feet,theincreaseof ~m withan increaseinpres-
surealtitudeisapproximatelylinear.Thevariationof cm withthe
dropletdiameterd inmicronsispresentedinfigure5(c). lhthe
rangeofdropletdiameterfrom10 to100microns,~m asa functionof d
resultsina curvethatisverynearlya straightline
logarithmicpaper.Thislinearitypermitsan accurate
~m whencalculationshavebeenmadefora fewdroplet
givenvalueofwedgesemi-apexangle,free-streamMach
suresltitude.

whenplottedon
interpolationof
diametersfora
number,andpres-

Dropletvelocitiesat impingement.- me V~iationof Vd,~/Vl
(theratioofthedropletimpingementvelocitytothefree-streamvelocity)
withthesurfacedistaqcealongthewedgeispresentedinfigure6 for
threecases.Thet~.eecasesgiveninfigure6 arerepresentativeofthe
resultswhentheti6pletdiameterd is20micronsandthepressure
altitudeis15,000or30,000feet. Thecurvesof Vd,ti/V1asa func-
tion’ofS havecharacteristicssimilartothecurveswhichpresent~
asa functionof S. At S = 0,obviously,sllthecurveshave ‘d,~vl
equaltounity;andas S is increased,thevalueofthevelocityratio
rapidlydecreasesandasymptoticallyapproachesV2/V1,theratioofthe
air
the
for
The
for

velocitydownstreamoftheshockwavetotheairvelocityupstreamof
shockwave. Thetopcurveinfigure6 illustratesa typicalsituation
which V2/V1 isverynearlyunity (t~ a = 0.02 and ~= 2.0).
twolowercurves(tano= 0.06 sndO.10 at M1=I.3) aretypical
caseswherea strongershockwaveproducedby a largersemi-ap~angle

resultsindecreasedvsluesof Vd,#~ forlargevaluesof S.

DiamondAirfoil

As shownintheANALYSIS,thelocalimpingementefficiency~ at
anypointontheforwardsurfacesof a dismondairfoil(surfacesAB and
AC showninfig.3) canbe obtaineddirectlyfromtheresultsforthe. localimpingementefficiencyasa functionofthesurfacedistsacefor
wedges.ThelocalimpingementefficiencyP maybe obth$nedfromfig-

., ure4 orequation(17).

— -— .—— —-—_——
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Ingeneral,theresultsfortheimpingementona diamondairfoil
.

areyresentedinthisreportintermsofthetotalcollectionefficiency
~ asa functionofthescsleparameter~, intheattemptto conform .
withtheexistingliteratureontheimpingementcharacteristicsofair-
foils. Inthenotationofthepresentreport,thetotalcollectioneffi-
ciency~ ss statedinreferences7 and8 isdefinedas

!& + Iczl%=’‘T
where T isthemexhumthicknessofthediamond

- [!J aretheabsolutevaluesoftheimitial

(22) 8
K

atrfoil,and ~u
displacementsfromthe

leadingedge(ina directionnormsltofree-streamdirection)ofthe
droplettrajectorieswhichimpingeattheshoulderoftheupperandlower
surfaces,respectively,ofthediamonda~oil. Forthesymmetrical
diamondairfoilat zeroangleofattack,l~ul ~ I!.zI~ be equal.
Forthesymmetricaldiamndairfoilatanangleof attack}thetangent
ofwhichisequaltothethicknessratio,thevalueof l~ulisequal
to zero.

Thescalepsrameter* iscalculated
supersonicspeedsasforotherairfoilsat
as

forthedismondairfoilat
subsonicspeeds.Itisdefined

.

where c isthechordlengthofthediamond

(23)

atrfoil.Theresultspre-
sentedforimpingementondiamondairfoilsuseessentiallythesame
parametmsasusedforimpingementonwedges.Theparametersare: free-
streamMachnumber,pressurealtitude,diammdatifoilthicknessratio,
anddropletsize; b addition,angleofattackandchordlengthare
spectiiedforthediamond@foil.

Totalcollectionefficiencyat zeroangleofattack.- Thevariation
ofthetotal.collectionefficiency~ withrespecttothescaleparam-
eter ~ ispresentedinfigure7 forthediamndairfoilat zeroangle
of attack.Theeffectsofpressurealtitude,airfoilthicknessratio,
free-streamMachnuniber,andtiopletsizeareshown.

Theeffectofpressurealtitudeonthevariationof ~ with V
~ora 2-percent-thickdiamondairfoilisgiveninfigure7(a)forzero
angleofattack,free-’streamMachnumberof1.4,dropletdiameterof
20microns,andfree-streamstatictemperatureof440°R. Thepressure
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altitudespresentedinthefigureareforsealevel,15,000feet,and
30,000feet. Thelinesforconstantvaluesof chordlengthfrom1 to
20feetareslsoincludedinthefigure.Forthedianmndairfoilsub.
jettedtoa constant-velocitysupersonicflowfield,thetotalcollection
efficiency~ increasesas thepressurealtitudeisincreasedwhenthe
chordlengthandtheothervariablesme heldconstant.Considering~
as a functionof scaleparameter~ wherethedropletfree-stream
ReynoldsnumberRel isheldconstantyieldsresultssimilartothose
forairfoilsha- roundedleadingedgesat subsonicspeeds.With Rel
heldconstant,thevalueof ~ decreasesas ~ increasesinthemanner
indicatedinfigure7(a).As previouslymentioned,a comparisonofthe
totalcollectionefficiencyandslsothewaterimpingementratefora
dismondatifoilat zeroangleofattackwiththosefora NACA0006-64
airfoilat zeroangleofattackispresentedina~endixC.

Theeffectof atifoilthicknessratioonthevariationof ~ with
~ ispresentedinf@me 7(b).Thecurvesarepresentedfor2-to
14-percent-thickdiamndairfoils(instepsof2 percent)at zeroangle
ofattack,free-streamMachnumberof1.4,pressuresltitudeof
15,000feet,dropletdiaqeterof20microns,ad free-streamstatic
temperatureof 4400R. Thedropletfree-streamReynoldsnumberismain-
tainedata valueof 453forallthecurves.Theeffectof increasing
theatifoilthicknessratioistodecreasethetotalcoK1.ectionefficiency.
Therateof decreaseinthe ~ withan increaseintheairfoilthickness
ratiobecomessomewhatsmallerastheairfoilthicknessratioincreases.

Theeffectoffree-stresmMachnumberonthevariationoftotal
collectionefficiency~ withscslepsrsmeter~ isshowninfig-
ure7(c).Thecurvespresentedareforfree-streamMachnumbersof1.1,
1.2,1.3,1.4,1.5,and2.0,2-percent-thickdiamondatifoil,zeroangle
of attack,pressuresltitudeof15,000feet,dropletdiameterof20microns,
andfree-streamstatictemperatureof440°R. Theresultsinthefi~e
showthatthecollectionefficiencyincreasesasthefreb-streamMach
numberincreases.‘However,theincreaseinthetotalcollectionefficiency
fromthefree-streamMachnumberof1.1to1.2isconsiderablygreater
thsatheincreaseh efficiencyfroma free-streamMachnumberof1.2to
1.3andfroml.3to1.4,andsoforth.Calculationsfor4- ad 6-percent-
thickdismondairfoilsindicatethes- trend.Forthe2-percent-tM&
diamndairfoilthelowestMachnumberpresentedinfigure7(c) (M=l.1)
isquiteclosetothelimitingMachnumberforshock-waveattachment.
Therefore,therateofdecreaseoftotslcollectionefficiencywith
decreasesinfree-streamMachntier increasesastheMachnuniber
approachestheshock-waveattac-t Machnumberasa limit.

——— ..- .- —- ——. ..—_— —
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Theeffects
totalcollection
figures7(d)and

.
of dropletsizeandchordlengthon thevariationof
efficiency~ withscaleparameter~ sreshownin
(e). Figure7(d)presentscurvesof ~ against~

,.

fora 2-percent-thickd.ismondairfoil,zeroangleofattack,pressure
altitudeof15,000feet,free-streamMachnumberof1.4,andfree-stream
statictemperatureof4400R. Thecurvespresentedinthefigurearefor
comtantvaluesofdropletdiameter(d= 10,20,30,40,and50microns)
aswellasforconstantvslluesof chordlength(c= 1, 2, 4,8, and
20ft). Increasingthedropletsizegreatlyincreasesthetotslcollec-
tionefficiency.Forexample,at c = 8 feet,thevaluesof ~ are Na
0.096,0.310,0.495,0.625,and0.711atdropletdiametersof10,20,30, &
40,and50microns,respectively.Therateof increaseinthetotal
collectionefficiencyasthedropletdiameterincreasesislessforthe
largerdropletsizes.Thiseffectcanslsobe observedinfigure7(e),
inwhichcurvesof ~ asa functionof ~ arepresentedfora 6-percent-
thickdiamondairfoil,zeroangleofattack,pressurealtitudeof
15,000feet,free-streamMachnumberof1.3,free-streamstatictempera-
tureof4400R, andfordropletdiamet~sof2,10,20,30,40,50,and
100microns.

A comparisonoffigures7(b)and(c)(samedropletsizeandpressure
altitude)showsthattheeffectonthetotalcollectionefficiency~
ofa incr~e inthefree-streamlkchnumberfrom1.1to2.0is,in
general,ofthesameorderofmagnitudeasa decreasefroma 14-to a
2-percent-thickdiamondatifoil.For~ample,for ~ of1790
(c= 8 ft)infigure7(b)jthevaluesof ~ decreasedfrom0.310to
0.165foran increasefroma 2-to a 14-percent-thickdianmndairfoil,
respectively,a decreaseof 0.145inthevalueof ~. For V of1790
(c= 8 ft) infigure7(c),thevaluesof ~ increasedfrom0.230to
0.400foran increaseinthefree-streamMachnumberfroml.1to 2.0,
respectively,an increaseof 0.170inthevalueof ~.

Anothercomparisonoffigures7(c)and(d)(sameairfoilthickness
ratioandpressurealtitude)showsthattheeffectonthetotslcollection
efficiency~ ofan increaseinthedropletdiamet=from10 to
50micronsismuchgreaterthanan increaseinthefree-stresmMachnumber
froml.1to 2.0. Forexsmplejfor c . 8 feetinfigure7(d)thevalue
of Q increasedfrom0.095to 0.710forb increaseinthedroplet
diameterfrom10to 50microns,respectively,whichisan increaseof
0.615inthevalueof ~. As statedpreviously,for c = 8 feet
(V= 1790) infigm?e7(c)theincreaseinthevalueof ~ is0.170for
a correspondingincreaseinthevalueofthefree-streamMachnumberfrom
l.lto 2.0. Fora constantvalueofthechordlength,varyingthepres-
suresltitudehasa relativelysmalleffectonthetotslcollectioneffi-
ciency(fig.7(a)). .

—.- .—
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TotsJ.collectionefficiencyasf&ctionofangleofattackof
diamndairfoil.- Thepreviousdiscussionisconcernedwiththetotsl
collectionefficienciesforthediamndairfoil.at zeroangleof attack
only. Theeffectofangleof attackonthetotalcollectionefficiency
ispresentedinfigure8, inwhichthevariationof ~ withtheangle
ofattacka isshownfor1- to 8-percent-thickdianmndatifoilsjinclu-
sive,pressurealtitudeof15,000feet,free-streamMachnmber of1.4,
dropletdismeterof20microns,andchordlengthsof1, 2, 4, and12 feet.
Therangeintheangleofattackpresentedinfigure8 isfrom a of
zeroto a of tan-l(T/c).

Thetotalcollectionefficiencydecreasesslightlyastheangleof
attackincreases.Theslopeofthecurveof ~ againsttana is zero
at a = O,by virtueofthesyrmnetryofthediamndairfoil.As the
angleof attackincreases,theslopeofthe ~ againsttana curve
becomesnegative,therateof changebecomingmorepronouncedasthe
angleof attacka increases.Theeffectof ticreasingthechordlength
ofthediamondairfoilistodecreaseslightlytherateofdecreaseof
~ withrespecttotheangleofattacka. A significantpointthatis
well-illustratedinfigure8 isthat,fora constantvalueof chordlength,
thereapparentlyexistsan envelopeofthefamilyof ~ againsttana
curvesthathavetheatifoilthicknessratio T/c astheparameter.This
envelopecurvepresents,intermsofthe~le ofattack)the~-
totslcollectionefficiencythatcanbe obtainedfora diamondairfoilof
anythicknessratio,wherethedropletsize,free-streammchtier,
pressurealtitude,andchordlengthareconsider~tobe constant.

Forthediamondairfoflata free-stresmliachmmibergreaterthan
theshock-waveattachmentIkchnumber,thedecreaseintotalcollection
efficiencywith= increaseinangleofattackisopposedto thetrend
experiencedby rounded-leading-edgeairfoilsat subsonicMachnumbers
(irrespectiveofthesymmetryoftheairfoil).Forthelattertypeof
airfoilat subsonicspeedstheincreaseintotalcollectionefficiency
(asdefinedhereti)withincreasingangleof attackisaccountedforby
the~eatlyincreasedimpingementthatoccursonthelowersurfacesof
theseairfoilsatangleofattack.Thereductionof impingementoccurring
cmtheuppersurfacesoftheseatifoilsatangleof attackismorethan
balancedby theincreasedimpingementoccurringonthelowersurfaces.
Ontheotherhand,fora givendiamondatifoilat supersonicspeedswith
anattachedshockwave,therateof increasewithangleofattackofthe
impingementonthelowersurfaceislessinmsgnitudethantherateof
decreasewithangleofattackoftheimpingementontheuppersurface.
Thisgeneraltrendforthediamondairfoilcanbe explainedwiththehelp
of thefigure5(a),inwhichtheeffectof tanIS (tangentofthesemi-
apexangle)onthetotslimpingementrate‘ispresentedfora wedgeof
infiniteextent.

———— - --—— ——.—



22 NICATN 2971

Theforwarduppersurfaceofa diamondairfoileffectivelyactsas
thefiniteportionofonesurfaceofan imfinitewedgewhichisdecreasing
itssemi-apexangle(effectivelythethicknessofwedge)astheangleof
attackofthediamondairfoilincreases.Theforwardlowersurfaceofa
diamondairfoileffectivelyactsasthefiniteportionof onesurfaceof
an infinitewedgethatisincreasingitssemi-apexangleas theangleof
attackofthediamondairfoilincreases.b figure5(a)theincreasein
~m,whichis-ctly proportionaltothetotalimpingementrate(see
appendixA),becomesstier withan increasein tsma (i.e.,
d2 ~~d(tanu)2< O) forallpossiblevaluesofthesemi-apexangle U.
Forexaqle,infi@.me5(a)forthecurveof Ml = 1.4,theimpingement
on an 8-percent-thickdiamondairfoiloflargechordextentandat zero
angleofattackwouldbeverynearlyproportionaltotwicethevalueof
cm at tanu of 0.08(2~m=0.146ft).Theimpingementforthesame
airfoflunderthesameconditionsandat anangleofattackof2.2910
(tana = O.’W)wouldbeverynearlyproportionaltothesm of cm at
tanu of o.04ando.12 (cm,u+cm,~ = 0.046+0.0905= 0.1365ft).

!Fotalcollectionefficiencyasfunctionofmdifiedinertiaparam-
eter.- !!l!hetotalcollectionefficiency& isDresentedinfimre 9 as
=Wction ofthemodifiedinertia
ence14. Therelationfor ~ is

Ko=

where K is theinertiaparameter

p&metw& ~~ as suggestedInrefer-

(?@s)K

andisdefinedas

pwa2V1
K= (2/9)~lc

and A isthemaximumdistanceoftravelof
stillairwiththefree-streamvelocityV1.

a dropletprojectedinto
Theterm As isthevalue

wa
&

ofthemaximumdistanceoftravelA whenStokes’lawisassumedforthe
dragforceonthedroplet.SinceK isequal.to A~/c (ref.4), ~
mayslsobe writtenas

Thefree-streamdropletReynoldsnumbersusedhereinincd.culating
KO r~e up to 2104.

.
Theefiiricsldrsglaw(eq.(5))usedinthis

reportforthedropletmotioninthemovingreferenceframeisvalidup .
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totheReynoldsnuiberofapproximately500. Therefore,forthevslues
of ~ presentedinfigure9 (andalsofig.10),thevaluesof (A&)
wereobtainedfromtableI ofreference4.

Thecorrelationofthetotalcollectionefficiencyasa f$mctionof
themodifiedinertiaparameter~ isshowninfigure9(a)forpressure
altitudesof sealevel,15,000,and30,000feet,andfordroplbtdiameters
WX from2 to100microns.Forthe6-percent-thickdismoq~airfoil
at Ml = 1.3 andzeroangleofattackpresentedinfigure9(a),the
dropletfree-streamReynoldsnumberRel variesfrom42.1to 2104. The
valuesof ~ fora giventhicknessratio,Machnumber,and~le of
attackgenerallyformthebasisfora singlecurvewitha small.amountof
scatterexistinginthehigherrangeof
of ~, forallthevaluesof Rel the
scatter.Thesmallscatterobservedis
a veryslighttrendofthe ~ against
highervaluesof ~.

valueof ~. Inthelowerrange
plottedpointshavenegligible
possiblyduetotheexistenceof
@ cur%eswith Rel forthe

Theeffectof increasingthethicknessratioispresentedinfig-
ure9(b)for2-,6-,a@ 12-percentthickdiamondairfoils.Increasing
thethicknessratiodisplacesthe ~ sgainst~ curvetowardlarger
valuesof ~. Clmngingthethiclmessratioofthediamondairfoildoes
notaltertheshapeofthecurveitse~.

Theeffectofthefree-streamMachnumberonthevariationof ~
with ~ ispresentedinfigure9(c)forthe2-percent-thickdiamond
airfoil,dropletdiameterof20microns,pressurealtitudeof15,000feet,
andforfree-stresmMachnumbersof1.1,1.2,1.5,and2.O. Increasing
theMachnuniberdisplacestheentirecurveof ~ sgainstKO towards
smaU.ervsluesof ~. As thevalueof Ml increases,therateofdis-
placementofthecurvewithincreasingMl becomessmaller.Thedis-
placementofthecurveobtainedby increasingtheMachnumberfrom1.1
to1.2ismorethanthatobtainedbyincreasingthefree-streamMach
numberfrom1.2to1.5andfrom1.5to 2.0.

Thetotalcollectionefficiencyfora dismondairfoilcanalsobe
consideredas a functionofanothermodifiedinertiaparameterdefinedas
a relativemodifiedinertiaparameter.Therelativendifiedinertia
parameterF. isbasedon thevelocitychangeoftheairacrosstheshock
waveratherthanonthefree-streamairvelocity.Thismodifiedinertia
parameteranditseffectonthetotalcollectionefficiencyof a diamnd
airfoilarepresentedanddiscussedinappendixD.

—. ___ __
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SUMMARYOFRESULTS

Thisreportpresentsan analysisoftheproblemof hpingementof
waterdropletsona wedgead a dianmn.dairfoilat supersonicspeedsand
withattachdshockwaves.Whena suitableen@ricalrelationisused
forthedragcoefficientofa sphere,theanalysisallowsa closed-form
integrationoftheequationsofmotionforthewaterdroplets.The
integrationresultsinanalyticalexpressionsfortheequationofthe
trajectories,thedropletvelocityatanypointon thetrajectories,the
localimpingementefficiencies,andthetotal.rate&f impingement.The
resultsofthecalculationsoftherate,extent,anddistributionofthe
impingementofwaterdropletsonwedgesanddiamondairfoilsaresumma-
rizedbrieflyasfollows(theMachnuniberreferredto isthefree-stream
Machnumber,whichisgreat=thantheattachmentMachnumberforthe
wedgeorthedismond&foil):

1. At a givenvslueofMachnuniber,dropletsize,andpressurealti-
tude,thelocslimpingementefficiencyas a functionoftheMnensionsl
surfacedistanceisthesameforboththewedgeandthediamondairfoil
at zeroangleof attack,providedthetangentof thesemi-apexangleof
thewedgeisequaltothediamondairfoilthiclmessratio.

2.ForsnyMachnumber,pressuresltitude,anddropletdiameter,the
valueof f30is eqti tothesineofthesemi-ap~angleforwedgeor
diamondairfoil.(90 iSthevalue(~um) oflocalimpingement
efficiencyas distancefromleadingedgetopointof hpingement
approacheszero.)

3.Theeffectofthefree-streamstatictemperatureonthelocal
@?@ement efficiencyfid’tot~co~ectionefficiencyisnegligiblefor
temperaturesfrom4200to 4600R.

4. At constantvaluesofMachnumber,dropletsize,andsemi-apex
angleofthewedgeorcorrespondingthicknessratioofthediamondati-
foil,an increaseinthepressurealtitudeincreasesslightlythelocal
impingementefficienciesandtotalcollectionratesonwedgesanddiamond
ahfoilsj butan increaseinthepressurealtitudehasa negligible
effectonthesurfaceextat ofperceptibleimpingement.

5.At constantvaluesofMachnuniber,dropletsize,andpressure
altitude,increasingthethicknessratioofthediamondairfoilor corre-
spondingsemi-apexangleofthewedgeincreasesthelocalimpingement
efficiency,haEa negligibleeffectonthesurfaceextentofperceptible
@@ement, @ decreasesthetotalcollectionefficiencyofthediamond
airfoil.

6.At constantvaluesofdropletsize,pressurealtitude,andsemi-
apexangleofthewedgeorthicknessratioofthetismondahfoil,an
increaseinMachnumb=-‘ticreasesboththesurfaceextentof impingement
andthevslueof the’loqalimpingement’efficiency.

.
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7. At constantvaluesofpressurealtitude,semi-apexangleofthe
wedgeorthicknessratioofthediamondairfoil,ti Machnuniber,an
increaseinthedropletsizeincreasesconsiderablythesurfaceextent
ofperceptibleimpingement,thelocal.impingementefficiency,andtotal
@tiement rate. ‘

8.Thevariationoftotalcollectionefficiencyofthediamondair-
foflat zeroangleofattackasa functionofthescaleparameterfor
constantvaluesofthedropletfree-stresmReyuold.snuriberissimilarin
formtothatforsubsonicatrfoils.

9. Thetotalcollectionefficiencyofthediamondairfoildecreases
slightlyastheangleof attackincreases.

10.Fora diamondatifoilofa giventhiclmessratioandMach
number,thevaluesoftotalcollectionefficiencyfora widerangeof
valuesofdropletfree-streamReynoldsnumbercomprisea singlecurve
whenplottedagainstthemodifiedinertiaparameter.Theeffectof
increasingthethicknessratioordecreasingtheMachnumberisto dis-
placetheentirecollectionefficiencyagainstmodifiedinertiaparameter
curveinthedirectionoflargervsluesofmodifiedinertiaparameter.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Clevelamd,Ohio,April21,1953

-——..— —- —-—— ——. —-.--— .——. —.
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symbolsareusedinthisreport:

radius,ft

chordlength,ft

dragcoefficient,Mm&sionless

dragforceon sphericalwaterdroplet,lb

dropletdiameter,microns

totalcollectionefficiency(definedbyeq.
less

pwa2U~
relativeinertiapmmeter, (2/9)~ =

NACA‘IN2971

(22)),dimension-

X
,*, dimensionless

relativemodifiedinertiapsmmeter,(-’-.-.)(+).:

accelerationduetogravity,32.2ft/sec2

inertiaparameter,
P#2vl As

(2/9)~ = ~, dimeni3ionless
1

nmiifiedinertiaparameter,(X/&)K= ~, dimensionless

free-stresmMachnumber

empiricalconstat{usedineq.(5) ), 2/3

constantsofflowfield(definedby e~s.(18a),(18b),and(180),
respectively)

free-streemstaticpressure,lb/sqft

gasconstant,53.3ft-lb/(lb)(oF)

dropletReynoldsnumberrelativeto airbehindshockwave,
2ap2U/~,dimensionless

.
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free-streamdropletReynoldsnumber,2aPlV1/uljtiensiofiess

distancetopointof hpingementmeasuredfromleadingedge
fora wat~ dropletwhichent&stheflowfieldbehindthe
shockwaveata distance~ abovetheleadingedge
(eq.(15)andfig.1),ft

maximumthicknessof airfoil,ft

ratioGfmaximxhthicknessto chordlengthofairfoil,dhen-
sionl.ess

time,sec

free-streamstatictemperature,oR

magnitudeofdropletvelo~ity~
1. 1

ativeto airvelocitydown-
streamof 6hockwave, Vd - v~ , fps

dropletvelocity,fps

free-streamvelocity,fpsormph

airvelocitydownstreamof shockwave,fps

‘rateofwater‘catch,lb/(hr)(ftspan)

localrateofwatercatch,lb/(hr)(sqft surface)

liquid-watercontent,ofair,g/cum ‘.

J’t U dt,displacementofdropletinmovi& frameofreference
o
(relativeto airstream);where t = O theinstantthewater
dropletinterceptstheshockwave

maximumvalueofdisp,lacaentx as Tam asa limit
(maximumdistanceoftravelofdropletprojectedintosti3J.

~ airwithrelativevelocityUi),ft

valueofmaximumdistanceoftravel~ obtainedby assuming
Stokestlawfor’dragforceondroplet,ft

.
angleofattackofairfofi,deg

__—. .—— —— .—— ——-... —. ..- -
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7

e

K

As

P1

P2

v

localimpingementefficiency,dL/fi,dimensionless

maximumvalueof P as S40; POs sinU,dimensionless

ratioof specificheats(1.4forah)

empfiicslconstaat(usedineq.(5)), 0.158, dimensionless

initiald&placementofdroplettrajectoriesfromleadhg
edgeindirectiorinormaltofree-streamdirection(eq.(13))

maximumvalueofinitialdisplacement~ fora droplet
obtainedwhenitstrajectoryistangenttowedgesurface
(theoreticsJJyas S+~ )

absolutevaluesof initialdisplacementfromleadingedge
{indirectionnormaltofree-streamdirection)ofdroplet
trajectorieswhichimpingeat shoulderofupperaadlower
surfaces,respectively,ofdiamondairfoil

distancealongshockwavemeasuredfromwedgeapextopoint
wheredroplettrajectoryinterceptsshockwave

shock-waveangle

anglebetweenfree-streamvelocityvector71 anddroplet
velocityvectorVd

maximumdistanceoftravelofdropletprojectedintostilJair
withfree-streamvelocityVl,ft

valueofdistanceoftravel~ obtainedby assumingStokesl
lawfordragforceonwaterdroplet,ft

dynamicviscosityatfree-streamstatictemperature,
(lb)(sec)/sqft

dynamictiSCOSityat statictemperaturedownstreamofshock
wave,(lb)(sec)/sqft

anglebetweenfree-streamvelocityvector~1 andinitisl.

relativevelocityvector~i, (definedbyeq.(13a))

componentsofdropletdisplacementreferredtowedgesurface
(def@edby eq.(12)),ft

.

.
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Pw water-droplet

29

massdensity,1.9398slugs/cuft .

PI free-streammassdensityofair,slug/cuft

P~ massdensityofairdownstreamof shockwave,slug/cuft

a semi-apexangle

~1 anglebetweendropletvelocityvector~d andvelocity

vectorV2

T dtiensiorilesstimevariable,(3~2/p#2)t

v ‘~Rer,i-1/3c-1/2),OSgsfi/2 (eq.(9))phaseangle,tan

‘$ scalepammeter,(9c/a)(pl/Pw)

n ratioofairvelocitydowmstresmof shockwavetofree-stream
velocityT2/V~

a ratioof initialdropletrelativevelocitytofree-stream
velocityUi/Vl

Subscripts:

i initial(atshockwave) ,

in impingement

2 lower

m maximum

u upper

Bsrredsymbolsdenotevectorialquantities.

——.— —. —
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CLOSED-FORM

(RELNTIVETO

APPENDIXB

INTEGRATIONOFEQUATIONOFMOTION

AIR FLOWDOWNSTREAMOFSHWK WAYE)

Thisappendixprovidesthevariousstepsnecessarytotheclosed-
formintegrationof equation(6),whichisthedifferentialequationof
motionofthewaterdropletinthegmvingreferenceframe.Thediffer-
entialequationofmotion(6)canbe rewrittenas

~= - (2)(3‘1“’’%me) (Bl)

whereforconvenience

R% = AIU& (B2)

(B3)

(B4) -

(Acompletelistof symbolsisgiveninappendixA.) Algebraicsimplifi-
cationandrewritingresultintheform

A3 dU
dt=- ~

.U(l+ A.,&)

where

~ = (A1/+).(a2/24)

and

A4 = CAl%m

Na
z

(B5)

(B6)

(B7) ‘ -

.
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Equation(B5)isnotreadilyintegrablein itspresentform. By letting

l?=~m (B8)

P‘ = P/Pi= @/%m

equation(B5)becomes

(B9)

(B1O)

Thisformof theequationisreadilyintegrated,anduponresubstituting
therelations(BS)and(B9),thereisobtainedthefollowing~ression
forthevelocityofthedropletas a functionofthetime t:

(Bll)

where ~ istheconstantoftheintegration.

SinceU= ~, equation(B1l.)canbe rewrittenin inte~alformas

where ~ isthesecondintegrationconstant.
shnplfficationbeforea closed-formintegration
siderthefollowingsubstitutions:

()Y=~t

dt+~ (B12)

Equation(B12)requires
canbe performed.Con-

%5 -l/m ~
~=y Ui (UimA4) =#A4) “

(B13)

-l/m
(B14)

(B15)

—..— -- .-.-—— ———— .—.
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By using
possible

NACATN2971

thesubstitutionsgivenby(B13),(B14),and(B15),itis
towriteequation(B12)aa

(B16)

Beforefurtherstepscanbe takenintheclosed-formintegrationofthe
equationofmotionofthedroplet,itisnecessarytodeterminethevalue
oftheemptiicslconstantm. Itisnotedthatinapproximatingthe
curveofthedrsgcoefficientasa functionofthelocslReynoldsnumber %
by a relationoftheformgivenby z

CD= (24/R~)(l+ CR%”) (5)

it is
~ is

possibleto considerthatthevalueof m is2/3andthevslueof
0.158.ThattHeapproximationoftheexperimentalcurveby the

emptiicalrelationisverygoodintherangeofReynoldsnumbersfrom
about0.5to500canbe seenby referringtofigure2,whichpresentsa
graphoftheempiricslrelationalongwiththedrag-coefficientdataof
references4 and12.

and

l!heuseof m= 2/3 in equation(B1.6) alongwiththesubstitutIon

eY=q (B17) .

theuseofformulasof integrationgivenonpages16 and17 ofrefer-
ence15 allowequation(B16) tobe integratedas shown
steps:

in thefollowing

+%

(B18)

———— .
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H theoriginaltimeor independentvariablet isreintroducedinto
equation(B18) andthesubstitutionsaremadefor ~ and ~, theequa-
tionhastheform

(A4)3/2(B2-x)= (A4Ui
2/3~1/2

3A3

J~ [ ‘1

Z(t-q
- A4u~2/3~

-!’

qu:;A4,1,2J~l (B19)

Substitutingfor ~ and A4 (exceptintheexponentof e) in equa-
tion(B19)resultsin

(B2-x)3,3/2%
-E- [ (1g=
tan-l

Equation(B20)is
constantsforthe

,L
+

Jexpk?)]

2/3 ~
- %,i

theintegratedequationwithundeterminedintegration
motionofthewaterdropletsrelativetotheairveloc-

itybehindtheshockwave. Theintegrationconstantsme determinedfrom
theboundaryconditiorm,whichare

u=u~
att=O

x= o

Thesubstitutionoftheboundaryconditions,andthusthe~etermination
oftheintegrationconstants~ and ~, resultsinthefinal.formof
theintegratedequationofmotionforthewaterdroplets’relativetothe
airvelocity@rnstreamofthe”shockwaveasfollows(intheframeof
referencemovingwiththeconstantvelocityV2):

—— ——— ..—. —— ——
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where

T

%e,i

a

Pw

P~

c

1 - tan-~

J%,i-2/3 # J

(7)

dimensionlesstimevariable,(3~/~ a2)t

initialvalueoflocalrelativeReynoldsnumber,Rer,2aP2Ui/w2

dropletradius,ft

waterdensity,1.9398slugs/cuft

densityof airbehindshockwave,slug/cuft

empiricalconstantofrelationofdraRcoefficientasfunction
ofReynoldsnumber,0.158

Thefinslformofthecorrespondingequationfortherelativevelocity
ofthevaterdropletasa functionofthedimensionlessthe variableT
isobtainedfromequation(Bll)as

It canbe
thevalue
Xas t

-3/2
‘i

[ u
-2/3 ~-1 + 1 eT - 1

u ‘~ ‘%’i
(8)

>

seenfromequations(7)smd(8)thatas t approachesinfinity
of U approacheszeroandthata limitexistsforthevalueof
approachesinfinity.Thislimitingvalueof x is

%n=+( )(-3/2 ‘W l/3#2
%,i~ )

-;+cp

where

(9)

.
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COMPARISONOFCOLLECTIONEFFICIENCYANDIMPINGEMENTRATEFOR

DIAMONDAIRFOILWITHTHOSEFORNXCA0006-64AIRFOIL

A comparisonofthetotalcollectionefficiencyasa functionofa
modifiedinertiaparsmeter~ fora ti~ondatifoilat supersonic
speeds(attachedshockwave)withthatfortheNACAM16-64airfoil
(ref.9)atfree-streamlkchnumberslessthancriticalispresentedin
figure10. Bothatifoilsare6-percentthickandareat zeroamgleof
attack.It isimportanttokeepinmindthatfigure10 doesnotallow
a comparisonofthetwoairfoilsatthesameMachnumber,andsucha
comparisoncannotbemade,becausetheanalysisfortheNACA0006-64
airfoilisnotvslidabovethecriticalMachnumberandthatforthe
diamondairfoilisnotvalidbelowtheshock-waveattachmentMachnumber.
It is,however,ofvalueto considera comparisonofthetwoatifoils
witheachoperatingwithinitsappropriatespeedrange.Infigure10
therateof increasein ~ withrespectto ~ isgreaterforthe
diamondairfoilthanfortheNACA0006-64.Fora constantdropletsize,
pressurealtitudeandtemperature,andfree-streamMachnumberresulting
ina constantvslueof A, ~ variesinverselyasthechordlength
(Ko= A/c). Ingeneral,therefore,therateofdecreasein ~ with
increasingchordlengthisgreaterinmagnitudeforthediamndairfoil
thanfortheNACA0006-64airfoil.

A comparisonoftherateof totalwatercatchperunitspanforthe
diamondairfoilwiththatfortheNACA0006-64airfoilcanbe obthined
M values(necessarilydifferent)forthefree-streamMachnumbersfor
thetwoairfoilsareassigned.Assumethatbothairfoilsareofthesame
thicknessratioandchordlength.Further,assumethhtthediamondair-
foilandNACA0006-64airfoilencounteridenticalicingconditionsof
dropletdiameter(20microns),pressurealtitudeandte ‘erature

7(15,000ftand44CQR),andliquid-watercontent(0.5gcum),buthave
free-streamMachnumbersof1.5and0.75,respectively.Forthestatic
temperatureassumed,theMachnuibersof1.5and0.75correspondto speeds
of1051milesperhourand526milesperhour,respectively.Therefore,
themagnitudesoftheinertiaparameterK andthefree-streamdroplet
ReynoldsnumberRel,forthediamondairfoilaretwiceasgreatasforthe
NACA0006-64airfoil.Varyingthechordlengthfrom1 to 20feetproduces
a changeinthevalueof ~ from0.,386to 0.0193forthediamndair-
foilandfrom0.266to 0.0130fortheNACACQ06-64airfoil.Thisvari-
ationin KO forbothairfoflsresultsinvaluesof & whichareof
thesameorderofmagnitude.Forthegivenicingconditl.qns,thefoH.ow-
ingtablelistsforchordlengthsof4 and20feetthevariouspertinent

—,-.— —.— .——— —.-— —..—__ . .
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parametersamivariables,includingtherateoftotalwatercatchonthe
airfoilperunitspanforboththe6-percent-thickdiamondaifroiland
theNACA0006-64airfoil:

6-Percent-thickdiamondairfoilat Ml =1.5 (Vl= 1051mph)

Chord ltree-streamInertia ~ Modified Total Rateofwater
.ength,droplet psxameter,AG inertia collection catch,W,
c,ft Reynolds K parsmeter,efficiency, lb/(hr)

number, KO % (unitspan)
Rel*

4 485 0.542 0.178 0.0965 0.432 17.9
20 485 .108 .178 .0193 .111 23.0

NACA0006-64at Ml = 0.75 (V1= 526mph)

4 243 0.271 0.246 0.0665 0.330 6.85
20 243 .0542 .246 .0130 .128 13.3

J
*Valuesofviscosityofairobtatiedfromlinesrvariationwithtempera-
turegiven& reference16.

Therateoftotslwatercatchontheairfoilperunitspaniscalculated
from

Wm= 0.329E#Vlw

where T isthemaximumthicknessoftheairfoilinfeet,w isthe
liquid-watercontentingramspercubicmeter,and VI isthefree-stream
velocityinmiles,perhour.Forthisparticularexample,thetableshows
thatforthe4-footchord,thediamondairfoilhasa somewhatlarger
valueof ~ thantheNACA0006-64airfoil;andforthe20-footchord,
theoppositeisthecase.Comparisonofthetwoairfoilsfora given
chordlengthshowsthat,as qected, theeffectofthetotalcollection
efficiencyontherateofwatercatchissmsllwhencomparedwiththe
free-stremvelocityratiochosen(2:1).Themostsignificantcomparison
tobe obtaindfromthetableisthat,forthediamondairfoil,increasing
thechordlengthby a factorof 5 (from4 to 20ft)resultsinan increase
ofonly28percentinthe-rateofwatercatch;whereas,fortheNACAair-
foil,a likechsmgeinthechordlengthresultsinan increaseof94per- .
cent.Thisdifferenceistheresultofthefactthat,unlikethe1OCSJ-
impingementontherou&d leading-edgeairfoilsatfree-streamMach
numberslessthancritical,thelocalimpingementata givenpointonthe .
surfaceofdismondairfoilsdoesnotvarywith
diamondairfoil,whichisat a supersonicMach
waveattachmentMachnumber.

—

thechordlength
numberabovethe

of the
shock-
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TOTALCOLLECTIONEFFICIENCYOFDIAMONDAJRFOILSAS FUNCTION

OFRFJXTIVEMODIFIED13ERTIAPARAMETERFO

Forah-flowfieldsthatcontaina shockwave,suchas thosecon-
sideredherein,thewaterdropletsuponcrossingtheshockwavesuddenly
havea velocityrelativetotheair. Forthediamondairfoilwithan
attachedshockwave,thisinitialrelativevelocityisthesameforall
thedropletsenteringtheati-flowfielddownstreamoftheshockwave.
AE discussedinprevioussections,thiscommonmti~ velocityUi H
be consideredtobe theinitial.velocityofprojectionof a dropletin
a referenceframehavingno airnmtionin itandnmvingrelativeto the
ffiedfrsmeofreferenceattheconstadvelocityoftheah downstream
of theshockwave. Therefore,itisof interestto definea newsetof
inertiaparameters,F and Fo,basedon themotionofthedropletin
thismovingreferenceframe.Intheexpressionsfor R%, K, ad K@

iftheinitialrelativedropletairvelocityUi issubstitutedfor Vl,
then

pwa2Ui
F = K (Ui/V1)= (2/9)

_ ‘m,s
plc c

and

F. = %() %—F=T
%, s

where ~ (eq.(9))isthemaximumdistanceoftravelof a dropletwhich
isprojectedintostillairwiththerelativevelocityUi,and xm,s
isthatvalueof themsximumdistanceoftravelwhenStokes’lawis
assumedforthedragforceonthedroplet.

Thetotalcollectionefficiency~ ispresentedin
functionof therelativemodifiedinertiaparameterF..

~ againstFO haveexactlythesameformasthecurves
~, exceptthattheuseof F. restitsina displacement

figureH. as a
Thecurvesof
of ~ against
of theentire

_____ .——— ——-— _____ __
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curvetowsxdssmallernumericalvaluesoftheabscissa.Theeffectof
diamondairfoilthicknessratioandoffree-streamMachnumberon ~
as a functionoftherelativemodifiedinertiaparsmeterFO ispresented
infiguresn(a) and(b),respectively.Thedisplacementofthe ~
againstF. curvesobtaind.byvarylngthethicknessratio(fig.U.(a))
orby varyingthefree-streamMachnuniber(fig.n(b)) isgreaterthan
thedisplacementofthe ~ sgainst~ curvesobtaimedby thesame
procedures(figs.9(b)and(c)).
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